Abstract-We have calculated the room temperature gain-current characteristics for a 360 nm wavelength, 80 A GaN-A10.14Ga0.86N and a red-emitting, 80 A Ga0.511n~.49P-(A10.44Ga0 56)O .SI InO.49P quantum well laser structures, including many body effects. Although the carrier density and spontaneous current are much higher (by a factor of 4 and 3, respectively) in the nitride structures for a given local gain, the higher confinement factor at short wavelengths means the intrinsic threshold current of these devices is predicted to be approximately twice that of red lasers with the same optical loss.
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HE 111-V nitride material systems are attracting much T attention for their potential as optoelectronic devices at blue and ultraviolet wavelengths. Recent advances in growth procedures have allowed GaN-AIGaN quantum well structures to be grown [ll and GaN to be deposited on a variety of substrates with an improving crystalline quality (for a review see reference [2]). Although some work has been published on optical gain in bulk material, as yet very little work has been reported on the gain-current characteristics of quantum well devices. In this letter we report results of calculations of the gain-current characteristics for a 808, GaN-Alo.14Gao.86N quantum well, emitting at approximately 360 nm and compare the results with those of a similar structure in the AlGaInP material system, emitting in the red, to provide a contrast for assessing the feasibility of such a device. The AlGaInP material system is chosen for comparison having the largest bandgap of well-understood 111-V semiconductors.
There are a number of fundamental differences between lasers at short wavelengths in the blue and present-day devices operating in the red and near infra-red. The carrier density needed to achieve transparency is significantly higher due to the higher electron and hole effective masses, and the radiative recombination matrix element, which is inversely proportional to the material band gap, is smaller than in narrower gap semiconductors. Although the lower matrix element reduces the recombination rate per carrier, the higher threshold carrier density leads to a higher intrinsic recombination current at a given local gain. Finally we note that as the wavelength is reduced the confinement factor of a quantum well of a given width increases thus reducing the gain requirement for a laser of given cavity length and facet reflectivity. All these factors suggest that the performance expected of a ID-V blue laser is not a simple extrapolation from red-emitting devices operating at a longer wavelength. In this paper we compare threshold currents of nitride and phosphide lasers, both calculated including many-body effects, and discus optimisation of the cavity length of these devices. Khan et al. [l] have observed photoluminescence from G~N -& . I~G % ,~~N quantum wells (on sapphire substrates) of various widths and we will use this well structure for our calculations. All computations are for a hypothetical, unstrained, cubic structure due to the lack of detailed band structure information and strain parameters in GaN. We expect the effects of stIain to be similar to that in other material systems therefore our comparison of unstrained structures should give a good indication of the important distinctions between the short and longer wavelength devices.
Previously we have shown that the inclusion of many body effects is a n essential consideration in the calculation of gain in the GaN material system [3], nevertheless our calculations suggest that excitons are screened-out at typical carrier densities I L~ a laser and do not contribute significantly to the gain in GaN so we use a model in which Coulomb enhancement is included in recombination from an electron hole plasma. Coulomb enhancement has not been included in previous calculations for phosphide-based lasers and to enable us to make meaningful comparisons we include it here for the first time. We calculate the many-body gain using the matrix inversion method to solve the equation for the intraband polarisation [4]. The calculation uses parabolic subbands, and strict k selection is adopted for optical transitions as we are considering an undoped active region with the optical transition matrix element as described by Kane [5] . The dephasing time, which we assume to be given by the carrier-carrier scattering lifetime, is calculated as described in reference [6]; wc have not included carrier-phonon scattering. The masses for the electron and heavy hole in GaN were taken as 0.2 and 0.8 respectively [7]. Our calculations ignore the light hole band because we lack any value for its effective mass. We have used a fixed ratio of 0.7 : 0.3 conduction : valence band offset ratio [8]. The calculations for both material systems are identical though the resulting Coulomb enhancement is smaller in GaInP. It is clear from Fig. 1 that the gain due to the lowest el-hhl transition saturates at a lower value for the GaN well; this is because the matrix element for optical transitions is inversely proportional to the bandgap and the electron effective mass [7] . This could cause devices having a high cavity loss to operate on a higher order transition (n > 1) to achieve the high level of gain required, leading to a shift in wavelength and higher threshold current. The carrier density required to achieve the same local gain is a factor of 4 higher for the GaN well compared with the GaInP well.
We have obtained the spontaneous recombination current by integrating the spontaneous emission spectrum derived from the absorption spectrum using detailed balance arguments [lo] . Plots of the calculated peak TE? gain verses spontaneous recombination current per unit area ( J ) for a SOA (A10 44Gao 56)o SlInO 49P-Ga~.slIn~.49P and a 80A GaN-Alo 14Ga0.86N quantum well are shown in Fig. 2 . The transparency current densities are 390 and 1210 Acm-2 respectively, and expressing these curves in a logarithmic form [11, 12] the scaling constants are Jt = 830 and 2030 A cm-', and gt = 1490 and 1200 cm-', respectively. For a typical threshold gain of 1250 cm-' the value of the spontaneous recombination current is 750 AcmV2 for GaInP and 2100 Acm-2 for GaN, a factor of 3 greater. The carrier densities required to achieve this gain are 6 x 10l8 cm-3 and 24 x 10" cm-3 for GaInP and GaN respectively (Fig. 1) ratio of threshold currents is reduced compared to the carrier densities by the lower matrix element in the nitrides. The spontaneous recombination current per unit volume is often approximated by the relation Jspon = eBnp, where n and p are the electron and hole volume densities (n = p in an undoped active region) and B is the radiative recombination coefficient. In Fig. 3 we show the values of B obtained from the results of the calculation for the values of carrier density shown in Fig. 1 . For the carrier densities quoted above the corresponding values of B are 1.10 * and 0.29 * cm3 s-l for GaInP and GaN respectively. As expected the value of B is lower in the nitride well because of the smaller matrix element, though the dependence upon carrier density is not as strong as in the phosphide structure.
From Fig. 2 , it is clear that to achieve a specific value of local gain the spontaneous recombination current is significantly higher for the GaN well. However a more useful comparison is the threshold current for lasers with the same optical loss, i.e., well at an operating wavelength of 650 nm (using refractive indices of 3. 35 and 3.26 [14] ). Although data is not available for the refractive indices of the cubic phase of AlGaN, an index step of 0.09 should be possible since the refractive indices obtainable for different compositions are proportional to the band gaps available [15] and the range of band gaps available from the cubic phase of AlGaN is significantly greater than from AlGaInP. For AlGaN, the optimised waveguide width is 149 nm for a similar waveguide step giving I' = 0.036 per well, which is considerably greater than for the AlGaInP structure as the 80 A AlGaN well overlaps with more of the lowest optical mode at shorter wavelengths and less local gain is required to overcome the cavity losses. Fig. 2 shows a plot of the calculated modal gain versus spontaneous current density.
For a modal gain of 40 cm-I the threshold current densities are 940 and 1870 AcmF2 for the phosphide and nitride devices respectively, a ratio of about a factor 2. The effect of the higher confinement factor is significant in moderating the increase in threshold current of the nitrides. From the gain current curves it is usually possible to estimate the cavity lengths for an optimum threshold current assuming the first pair of subbands are providing the gain [l 11, giving values of about 330 pm (phosphide) and 270 pm (nitride) (for a facet reflectivity of 0.3 and scattering loss of 15 cm-I), however both of these lengths result in local gain requirements which cannot be met from these sub-bands alone. If operation on the lowest sub-bands is required then longer devices are necessary and the optimum design is that which utilises the maximum gain available from this transition; for the nitrides the maximum modal gain from the n = 1 transition is about 45 cm-l. For the parameters used above these translate into lengths of about 425 pm (phosphide) and 380 pm (nitride). Note that since the transparency current density for the nitrides is about 1200 Acm-2, more than half the total current, there is no advantage to be gained by increasing the number of wells because the doubling of the total current to reach transparency is not balanced by a decrease in the current required to overcome the optical losses. All these comments refer to an ideal device and for real devices these threshold currents must be scaled by the internal quantum efficiency. If there is a significant thermally activated leakage current which is sensitive to the position of the quasi-Fermi levels then it may be desirable to increase the number of wells to lower the local gain requirement per well (see, e.g., [16] ). Similarly, a multiple well laser may be desirable to maintain the lasing process on the lowest pair to sub-bands.
In summary, detailed calculations including many-body Coulomb enhancement show that nitride quantum well lasers at about 360 nm wavelength have significantly higher threshold carrier and current densities than longer wavelength devices, however due to the higher confinement factor at short wavelength the threshold current density for a given cavity loss is only about twice that of a phosphide 650 nm laser. Our calculations suggest that, for nitride lasers, operation on the lowest pair of sub-bands is only possible for devices requiring a modal gain less than about 45 cm-l, and this consideration may dictate the choice of length rather than the more usual optimisation proc!ess. The transparency current is the major contribution to the total intrinsic threshold current in nitride devices so there is no direct advantage in using more than one well, however multiple well devices may be necessary to retain operation on the n = 1 sub-bands and to reduce extrinsic leakage currents.
